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Elegant new work in this issue of Cell by Yoo andCheckpoint Adaptation:
colleagues (2004) suggests that this may be the case.Molecular Mechanisms Uncovered Using the Xenopus egg extract system, they show that
extracts containing the replication inhibitor aphidicolin
can adapt to the signal created by replication stress and
enter into mitosis in the presence of unreplicated DNA.Adaptation to the DNA damage checkpoint is a phe-
They also show that this effect is mediated by the Xeno-nomenon long thought to be confined to the unicellular
pus homolog of polo-like kinase, Plx1, which inactivatesworld. A new report in this issue of Cell by Yoo and
Chk1 by regulating Claspin (Figure 1). Like Crb2, Claspincolleagues (2004) suggests the presence of a check-
is an adaptor protein necessary for Chk1 activation. Itpoint adaptation pathway in Xenopus egg extracts that
has previously been shown that Claspin, a replication-displays interesting molecular parallels to adaptation
dependent chromatin binding protein, becomes highlyin yeast.
phosphorylated after genotoxic stress in an ATR-depen-
dent manner, and that this phosphorylation is necessaryWhen DNA damage occurs in interphase, ATR- and
for activation of Chk1 by ATR (Kumagai and Dunphy,ATM-mediated checkpoints maintain the integrity of the
2003). In this work, the authors show that the ATR-genome by arresting the cell cycle. These signaling path-
dependent phosphorylation of Claspin at Thr906 createsways provide time for DNA repair prior to the onset of
a docking site for Plx1 to bind via its phosphopeptidemitosis and thus prevent the catastrophic chromosomal
binding polo-box domains. This binding event facilitatesbreakage that can occur when damaged chromatids are
the phosphorylation of Claspin by Plx1 on a nearby resi-segregated. “Recovery” from damage-induced arrest
due, Ser934. Ser934 phosphorylation causes the disso-results from downregulation of the checkpoint after DNA
ciation of Claspin from chromatin, leading to inactivationrepair is complete, but in Saccharomyces, a mechanism
of Chk1 and entry into mitosis. When endogenousfor “adaptation” to the G2/M DNA damage checkpoint
Claspin was depleted and replaced with Claspin mu-also exists and permits a cell with unrepairable damage
tated at either Thr906 or Ser934, Claspin accumulatedto reenter the cell cycle (Sandell and Zakian, 1993). Ad-
on chromatin, Chk1 remained phosphorylated, and the
aptation may be beneficial for a unicellular organism
extract remained arrested in interphase. To demonstrate
because it provides opportunities for the cell to repair
that this response is adaptation and not recovery, the
the damaged chromosome in a subsequent cell cycle,
authors show, albeit indirectly, that DNA polymerase is
enhancing its chances for survival (Galgoczy and Toc-
still bound to chromatin at the time of cell cycle reentry,
zyski, 2001; Lee et al., 2000).
indicating that stalled replication forks are still present.
The prevailing opinion has been that adaptation re- Whether the checkpoint sensing proteins (e.g., ATR,
quires the inactivation of Rad53, a checkpoint kinase RPA, and Rad1) remain on chromatin has yet to be es-
needed to halt cell cycle progression and a substrate tablished.
of the ATR-related kinase Mec1 (Lee et al., 2000). Several So how does the cell know when to give up and adapt?
lines of evidence support this hypothesis. First, deletion This work suggests that adaptation is not the outcome
of PTC2 and 3, two protein phosphatases that interact of a decision-making process. Instead, the basic wiring
with and inhibit Rad53, leads to an adaptation defect. of this response suggests that adaptation is regulated
This suggests that Rad53 or another kinase needs to by a biochemical timer that starts when ATR phosphory-
be dephosphorylated for this response ((Leroy et al., lates Claspin on Thr906 and runs out when Plx1 activity,
2003) and references therein). Second, in another adap- which rises during interphase, reaches a level sufficient
tation-defective mutant, in cdc5-ad, Rad53 activity is to phosphorylate Claspin on Ser934. This clock provides
not downregulated after the induction of a single double- a minimal amount of time to fix the damage but ensures
strand break (Pellicioli et al., 2001; Toczyski et al., 1997). that adaptation is attempted if the damage is not re-
CDC5 encodes the yeast homolog of polo-like kinase, paired.
Plk1, an important mitotic regulator. This observation The molecular similarities between adaptation in Xe-
begs the question of how Plk1 might control Rad53 nopus and yeast are tantalizing, but one caveat is that
activity. One clue to Plk1’s role in regulating Rad53 may the authors are using a biological phenomenon in yeast
come from interactions between another mitotic kinase, to define and describe a series of in vitro events with
Cdc2, and the adaptor protein Crb2, which is required no known physiological parallel in higher eukaryotes.
for activation of the checkpoint kinase Chk1 in S. pombe. The idea that adaptation to genotoxic stress occurs in
Adaptor proteins are thought to promote checkpoint a single-celled organism is logical, but it is somewhat
signaling from the ATM and ATR kinases by recruiting surprising that this occurs in higher eukaryotes. Thus it
downstream kinases to the damage site. During recov- is important to determine if adaptation can occur in
ery from DNA damage, phosphorylation of Crb2 by Cdc2 mammalian cells or if this is a specific property of the
is necessary for Chk1 inactivation and cell cycle reentry Xenopus system. At least upon first glance, the obvious
(Esashi and Yanagida, 1999). Could Plk1 carry out a alternative to adaptation, apoptosis, seems a safer bet
similar role in an adaptation pathway, phosphorylating for a multicellular organism when replication is incom-
and inactivating an adaptor protein in order to downreg- plete as it would prevent the accumulation of cells con-
taining potentially cancer-inducing mutations. However,ulate checkpoint kinase activity?
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Figure 1. Model for Plx1-Mediated Check-
point Adaptation in Xenopus Egg Extracts
The ATR kinase, Claspin, Rad1-Hus1-Rad9
complex, and other checkpoint proteins as-
semble at stalled replication forks following
treatment with UV or aphidicolin. Together
these proteins cooperate to activate Chk1,
leading to cell cycle arrest. Phosphorylation
of Claspin by ATR on Thr906 leads to recruit-
ment of Plx1 to Claspin, facilitating the phos-
phorylation of Claspin on Ser934. This leads
to dissociation of Claspin from chromatin and
downregulation of Chk1 activity, allowing mi-
tosis to proceed in the presence of the stalled
replication fork.
some reasons for adaptation in multicellular organisms ability of mammalian cells to adapt, hopefully uncov-
ering the molecular details of checkpoint downregula-can be imagined, and indeed adaptation could be a
preliminary step for initiating cell death. For example, tion in this and other contexts.
mammalian cells arrested in mitosis with nocodazole
eventually move into G1 where they arrest in a p53- Patrick J. Lupardus and Karlene A. Cimprich
dependent manner (Lanni and Jacks, 1998). By analogy, Stanford University
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forks are stalled. Adaptation could be necessary to con- Stanford, California 94305
vert the stalled fork into a different type of signal that
is better able to induce death by apoptosis (e.g., double- Selected Reading
strand breaks) or to move the cell into another phase of
the cell cycle where apoptosis can occur. Alternatively, Esashi, F., and Yanagida, M. (1999). Mol. Cell 14, 167–174.
adaptation could lead to death by mitotic catastrophe Galgoczy, D.J., and Toczyski, D.P. (2001). Mol. Cell. Biol. 21, 1710–
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Kumagai, A., and Dunphy, W.G. (2003). Nat. Cell Biol. 5, 161–165.extensive blockage might not be sufficient to cause
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ing to cancer. Another possibility is that adaptation Lee, S.E., Pellicioli, A., Demeter, J., Vaze, M.P., Gasch, A.P., Mal-
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J.E. (2000). Cold Spring Harb. Symp. Quant. Biol. 65, 303–314.DNA repair in other phases of the cell cycle as has been
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by another kinase or mediates a different outcome (e.g.,
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addition, although Plx1 activity continues to increase
following aphidicolin treatment in Xenopus, it is down-
regulated in human cells following UV irradiation or
Reprogramming Committedadriamycin treatment (Yoo et al., 2004 and references
therein). This raises the question of how Plk1 could me- B Lineage Cells
diate adaptation to these types of genotoxic stress in
mammalian cells. The situation in Xenopus is also likely
to be more complex. Clearly, phosphorylation at Thr906
and Ser934 is involved in Claspin regulation, but there It is generally assumed that once a cell commits to a
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